Three kinds of phytoplankton were cultivated, and the contribution of dissolved organic matter (DOM) released from the phytoplankton was examined to clarify the cause of organic pollution of Lake Biwa. Microcystis aeruginosa, Staurastrum dorcidentiferum, and Cryptomonas ovata were evaluated with regard to cultivation. A significant peak (Mw: <3000 Da) was mainly detected in the algal DOM released from plankton during cultivation by gel chromatography with a fluorescence detector (Ex = 340 nm, Em = 435 nm). Since this peak corresponds to a peak with lower molecular weight in three peaks detected in the surface water of Lake Biwa, it can be concluded that the algal DOM released from the plankton during cultivation makes a considerable contribution to the refractory organic matter in Lake Biwa. Three fluorescence maxima were observed in the cultivation of three kinds of phytoplankton: two fulvic-like fluorescence peaks (A and B) and a protein-like fluorescence peak (C). These peaks became larger as their cell counts of plankton increased. As for the fractionations of algal DOM using DAX-8, the ratio of hydrophilic DOM is fairly high in DOM produced by three kinds of phytoplankton. The order of the amount of algal DOM per cell volume during cultivation was Cryptomonas ovata > Microcystis aeruginosa > Staurastrum dorcidentiferum. These results suggest that the increase of the refractory organic matter in Lake Biwa may be attributed to a change of the predominant phytoplankton.
Introduction
In Lake Biwa, the largest lake in Japan, an annual increase of chemical oxygen demand (COD) has been observed since 1985, although the values of biochemical oxygen demand (BOD) and chlorophyll-a have remained almost constant. Moreover, the values of COD in the rivers that flow into Lake Biwa have not increased. 1 These results suggest that refractory organic matter may have accumulated in Lake Biwa.
In several lakes, chemical fractionation methods have been applied to analyze the temporal changes of DOC. 2 Imai et al. divided the DOC occurring in Lake Biwa into six fractions, and reported that the hydrophilic acid fraction contained more than 40% of the total DOC, whereas the hydrophobic acid fraction contained less than 30%. 3 Hori et al. found that the fraction with adsorptivity to hydrous iron oxide consisted primarily of refractory organic carbon. [4] [5] [6] In a previous study, we reported that the main origin of hydrophobic acids in Lake Biwa may be humic substances from soils around the rivers that flow into Lake Biwa, while hydrophilic acids may be due to inner production by phytoplankton. 7, 8 However, few studies about the contribution of the inner production by phytoplankton to DOM have been carried out. Therefore, the optical and fluorescence characteristics of algal DOM from Microcystis aeruginosa were examined. 9 Since 1985, when the increase in COD began, 1 the predominant kind of phytoplankton has changed from green algae to dark-brown whip-hair algae, and it is possible that the change in the production of organic substances due to the change in the kind of plankton affects the increase in COD (Fig. S1 (Supporting Information)). 10 Measurements indicating that phytoplankton has become the predominant species in Lake Biwa are being carried out twice monthly.
In the present research, the kinds of phytoplankton that were predominant before and after 1985 in Lake Biwa were cultivated, and the algal-derived DOM and fluorophores released from phytoplankton during cultivation were determined for a comparison with the results from Microcystis aeruginosa. Staurastrum dorcidentiferum of green algae and Cryptomonas ovata of dark-brown whip-hair algae were selected as the predominant algal species before and after 1985, respectively. The effects of the algal-derived DOM on the refractory DOM in Lake Biwa and their characteristics were investigated using gel chromatography with a fluorescence detector and a threedimensional excitation-emission matrix (3-DEEM) technique.
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(NIES-665, Lake Biwa, Shiga), and Cryptomonas ovata (NIES-275, Tsuchiura, Ibaraki), which were supplied by the National Institute for Environmental Studies, were used. Staurastrum dorcidentiferum of green algae and Cryptomonas ovata of darkbrown whip-hair algae were selected as the predominant algal species before and after 1985, respectively. 11 Humic acid (HA; Aldrich Chemicals) was purified by repeated dissolution in 0.1 M sodium hydroxide and precipitation in 0.1 M hydrochloric acid until the color of the supernatant solution was eliminated. 12 Fulvic acids (FA) obtained from A-horizons of brown forest soil (Dystric Cambisol, Dando, Aichi, Japan) and ando soil (Humic Andozol, Inogashira, Shizuoka, Japan) were used. 13, 14 Fulvic acids prepared according to methods developed by the International Humic Substances Society (IHSS) were supplied by the Japan Humic Substances Society and used as a standard without purification. All other chemicals were of the best commercial grade available. Pure water was prepared using a Millipore Milli-Q water purification system.
Cultivation of phytoplankton
Three kinds of phytoplankton were cultivated in the media. Three incubators (an Iwaki LIB-302, an Iwaki ICB-142L, and an NIK LH-100SP) were used for the cultivation of plankton. A TOMY BS-305 autoclave was used for sterilization. Microcystis aeruginosa was grown in 1-L triangular bottles at 20˚C and 2000 lux under a 12 h:12 h light/dark cycle in an MA medium 9 and an improved VT medium (Table S1) . Staurastrum dorcidentiferum was grown in 1-L triangular bottles at 20˚C and 2000 lux under a 12 h:12 h light/dark cycle in an AF-6 medium (Table S2 ) and an improved VT medium. Cryptomonas ovata was grown in 1-L triangular bottles at 15˚C and 2000 lux under a 12 h:12 h light/dark cycle in a VT medium (Table S1 ) and an improved VT medium. The improved VT medium was used to examine DOM produced by lake phytoplankton for a comparison in the same kind of medium. The concentration of glycylglycine in an improved VT medium was prepared to be one-tenth of that in a VT medium because culture media with lower DOC were necessary. Cell counts were followed using a microscope every week for 78 days in an improved VT medium and for 98 days in other media, respectively. An Olympus IX71N-22PH-D microscope and a KEYENCE VHX-100F digital microscope were used to count the algae.
Procedure for the determination of algal-derived DOM
For the determination of algal-derived DOM, the samples filtered through a Millipore membrane filter (0.45 mm) were used. The cells of the phytoplankton were quantitatively separated from the medium by filtration. Changes in the time of DOC and specific ultraviolet absorbance at 260 nm (SUVA260) were noted in cultivation experiments. Two TOC meters, a Shimadzu TOC-5000A and a Shimadzu TOC-V CSH, were used for the determination of DOC. A JASCO V-530 spectrophotometer was used to measure the UV-absorbance (260 nm) of water samples. The specific ultraviolet absorbance (SUVA) is defined as the UV absorbance of a water sample at a given wavelength normalized for the DOC concentration. SUVA260 was indicated to be strongly correlated with aromatic compounds. 9, 15, 16 A Horiba F-51 pH meter and a TOA CM-60S EC meter were used to measure the pH and electric conductivity in environmental water samples, respectively. For measuring the BOD, a Tech-jam B-100Z BOD meter was used.
Dissolved organic substances were analyzed using gel chromatography with a fluorescence detector, which was developed for simultaneous determinations of the concentration and molecular weight of humic substances. 17 The apparatus used for HPLC was a Shimadzu LC-10AD chromatography pump equipped with a Shimadzu RF-535 fluorescence detector. The excitation wavelength (Ex) was 340 nm, and the emission wavelength (Em) was 435 nm. A Shimadzu C-R7A chromatopac was used for data analysis. Test samples were applied to a gel filtration column (Superose12 HR10/30 (300 ¥ 10 mm i.d., Pharmacia Biotech)) using a sample injector (Rheodyne 7125) with a 100-ml loop. A 0.01 M sodium hydroxide solution was used as an eluent at a flow rate of 0.4 ml min -1 . Here, the column void volume (Vo) (elution volume for Blue Dextran 2000) was 7.38 ml, and the total bed volume (Vt) was 23.6 ml. A Pharmacia Biotech low-molecular-weight gel filtration calibration kit and vitamin B12 were used for determining the molecular weights of these peaks. 17 Fractionation of DOM produced by three kinds of phytoplankton was carried out according to a method of Nagai et al. 8 The hydrophobic and hydrophilic fractions of DOM were isolated using Supelco DAX-8 resin (equivalent XAD-8 resin). Filtered samples were acidified to pH 2 with HCl and passed through a DAX-8 resin column (50 mm ¥ 10 mm i.d.) to adsorb hydrophobic fractions of DOM. Furthermore, hydrophobic acids were eluted from the resin with 0.1 M NaOH.
According to a method of Nagao et al., 18 the fluorescence properties were measured with 3-DEEM using a fluorescence spectrophotometer, a Shimadzu RF-5300PC, creating highresolution fluorescence running with band-pass width slits of 5 nm for both excitation and emission. The excitation and emission wavelengths were scanned from 220 to 500 nm and from 250 to 600 nm at a scan speed of 1500 nm/min, respectively. The fluorescence readings were normalized by the fluorescence intensity (Ex = 345 nm, Em = 450 nm) of 10 mg/l quinine sulfate (0.05 M H2SO4 solution) 10 QSU. The values were treated as the relative fluorescence intensity (RFI).
Ultrafilter membranes (Millipore ultrafree-C centrifugal filter, available at 3000, 5000, and 30000 molecular weights) were used to fractionate the algal DOM by a centrifuge (Millipore Tibitan). The fractions of algal DOM were measured by 3-DEEM.
Results and Discussion

Time changes in the cell counts and DOC during the cultivation of three kinds of phytoplankton
Three kinds of phytoplankton were cultivated not only in their recommended media, but also in an improved VT medium. The improved VT medium was used for comparing the algal DOM released from phytoplankton during cultivation in the same kind of medium. The time changes in the cell counts of three kinds of phytoplankton during cultivation are shown in Fig. 1(a) . The cell count of Microcystis aeruginosa in an MA medium increased until day 36 of incubation, when it reached a maximum of 1.7 ¥ 10 7 cells/ml, and was almost constant after that until day 49 of incubation, when it reached the stationary phase. It decreased after that due to cell death. The time change in the growth curve of Microcystis aeruginosa in an improved VT medium was similar to that in an MA medium, and the cell count reached a maximum of 1.1 ¥ 10 7 cells/ml, which was almost the same as the cell count in an MA medium. On the other hand, Staurastrum dorcidentiferum in an AF-6 medium was in the proliferation period until day 77 of incubation. The cell count of Staurastrum dorcidentiferum was 3.1 ¥ 10 4 cells/ml. The growth curve of Staurastrum dorcidentiferumin in an improved VT medium was similar to that in an AF-6 medium. The cell count of Cryptomonas ovata in an improved VT medium increased until day 31 of incubation, when it reached 3.1 ¥ 10 4 cells/ml. The growth curve of Cryptomonas ovata in a VT medium was slightly smaller than that in an improved VT medium.
Time changes in the values of DOC caused by the cultivation of Microcystis aeruginosa, Staurastrum dorcidentiferum, and Cryptomonas ovata are shown in Fig. 1(b) . The MA medium and the VT medium were not adequate to examine DOM produced by phytoplankton because the DOC values of both media are very high. The improved VT medium was adequate to investigate DOM produced by plankton, because the DOC concentration is relatively low. After day 14 of incubation, the DOC concentrations decreased by 82.5, 86.4, and 74.4% due to respiration for Microcystis aeruginosa, Staurastrum dorcidentiferum, and Cryptomonas ovata, respectively, and increased after that due to the production of DOM by phytoplankton. The increase in the DOC concentrations of DOM produced by Microcystis aeruginosa and Cryptomonas ovata was larger than that by Staurastrum dorcidentiferum.
Fluorescence properties of algal DOM by gel chromatography and 3-DEEM
Gel chromatograms of the standard FA of soil origin (Inogashira), a surface water sample of Lake Biwa (Biwakoohashi, May 8, 2006) , and algal-derived DOM released from three kinds of plankton are shown in Fig. 2 . In the case of the surface water of Lake Biwa, three peaks (RT = 30, 32, and 35 min) were detected, which are similar to those of the standard FA. 9, 17 However, the ratio of peak 1 was lower than that of soil FA. The molecular weights of peaks 1 and 2 were estimated to be 5000 -10000 and 3000 -5000 Da, respectively. 17 These peaks detected in Lake Biwa were almost constant after 98 days, and the results confirmed the likely existence of refractory organic matter. 9 In the gel chromatograms of Microcystis aeruginosa during cultivation in a MA medium for 28 days (Fig. 2(M) ), peak 2 (RT = 32 min) and peak 3 (RT = 35 min) were detected, and peak 3 was particularly large. The gel chromatograms of Microcystis aeruginosa during cultivation in an improved VT medium were similar to those during cultivation in a MA medium. These results suggest that organic substances with the same fluorescent characteristics and a lower molecular weight of FA may be formed during the cultivation of Microcystis aeruginosa. The gel chromatograms of Staurastrum dorcidentiferum and Cryptomonas ovata during cultivation in an improved VT medium for 14 days are shown in Figs. 2(S) and 2(C), respectively. In the gel chromatograms of Staurastrum dorcidentiferum and Cryptomonas ovata, peak 3 (RT = 35 min) was particularly large. The molecular weight of peak 3 was estimated to be lower than 3000 Da.
For a fluorescence measurement of DOM by 3-DEEM, filtered water samples were accurately measured without further treatment. Two fluorescence maxima were observed in the soil FA sample (Fig. 3(a) ): one at Ex/Em values of 320/440 nm (peak A), and the other at Ex/Em values of 240 -250/430 -440 nm (peak B). 9 The fluorescence peak positions for extracted FA from rivers, lakes, and soils reported in previous studies were 240 -250/440 -445 nm and 300 -395/406 -490 nm, [19] [20] [21] [22] [23] and those for HA from soils were 305 -365/425 -490 nm and 440 -455/510 -550 nm. [24] [25] [26] These are the so-called fulvic-like fluorescence peaks. In the surface water of Lake Biwa, two fulvic-like peaks and another peak with Ex/Em values of 280/330 nm (peak C) were observed ( Fig. 3(b) ). 9 A predominance of FA in the DOM of Lake Biwa and the rivers has been reported. 12, 17 The results of 3-DEEM also indicate that the fulvic-like component dominates humic-like substances in Lake Biwa. 9 The observed peak C is similar to the fluorescence of protein material reported in previous studies, and is often referred to as protein-like fluorescence. 20, [27] [28] [29] [30] Since the pH and metal ions in the culture media may have effects on the fluorescence properties of algal DOM, the effects were investigated. When the samples were adjusted to pH 7 -8, changes in the fluorescence intensities and the Ex/Em values of soil FA and algal DOM by the addition of culture medium were hardly observed. Then, all filtered algal samples were adjusted to pH 7 -8 before fluorescence measurements of DOM by 3-DEEM. Peaks A, B, and C and another peak with Ex/Em values of 240/370 nm were observed in the algal DOM from Microcystis aeruginosa during cultivation in both the MA medium (Fig. 3(c) ) and the improved VT medium (Fig. 3(d) ). The values of the RFI of the peaks with Ex/Em values of 240/370 nm were the largest of those of the observed peaks in both media. The 3-DEEM contour plots of algal-derived DOM for Staurastrum dorcidentiferum and Cryptomonas ovata during cultivation in an improved VT medium are shown in Figs. 3(e) and 3(f), respectively. Two fulvic-like fluorescence peaks (A and B) and a protein-like fluorescence peak (C) were detected, and these peaks became larger as their cell counts of plankton increased. However, the fluorescence peaks of Staurastrum dorcidentiferum were smaller than those of Microcystis aeruginosa and Cryptomonas ovata.
Time variations in the fluorescent intensities of the algal DOM released from three kinds of plankton were measured by gel chromatography with a fluorescence detector (Ex = 340 nm, Em = 435 nm) and 3-DEEM. Since the fluorescent intensity of peak 3 (RT = 35 min) became the highest of those of the peaks detected for the three kinds of phytoplankton, the time variations in the fluorescent intensity of peak 3 (RT = 35 min) at the exponential phase are shown in Fig. 4(a) . The fluorescent intensity (peak 3) of the algal DOM from Microcystis aeruginosa during cultivation in an improved VT medium increased slowly until the 14th day, and abruptly increased after that. On the other hand, the fluorescent intensity of the products during the cultivation of Staurastrum dorcidentiferum in an improved VT medium increased gradually. Cryptomonas ovata showed a similar tendency to Staurastrum dorcidentiferum. The time variations in the fluorescent intensities of peaks A, B, and C of algal DOM for three kinds of plankton measured by 3-DEEM are shown in Fig. 4(b) . The RFI values of peaks A, B, and C of DOM produced by Microcystis aeruginosa and Cryptomonas ovata increased gradually. The values of the RFI of peaks B and C in Microcystis aeruginosa and Cryptomonas ovata at the stationary phase were larger than those of peak A. However, the RFI values of peaks A, B, and C in Staurastrum dorcidentiferum were low compared with those in Microcystis aeruginosa and Cryptomonas ovata.
Fractionation of algal DOM from three kinds of phytoplankton
The fractionation of algal DOM produced by three kinds of phytoplankton during cultivation in an improved VT medium was carried out using DAX-8 resin. 8 Standard fulvic acids of soil origin (Inogashira and Dando) were quantitatively adsorbed on the DAX-8, and estimated to be hydrophobic DOM. The results are listed in Table 1 . The ratios of hydrophilic DOM, hydrophobic acid, and hydrophobic neutral in the primary product from Microcystis aeruginosa after incubation for 27 days were 61.6, 27.7, and 10.7%, respectively, which were almost identical to the ratios after incubation for 48 days. In the case of Staurastrum dorcidentiferum after incubation for 31 days, the ratios of hydrophilic DOM, hydrophobic acid, and hydrophobic neutral were 81.4, 16.0, and 2.6%, respectively. The ratios of hydrophilic DOM, hydrophobic acid, and hydrophobic neutral in the algal DOM from Cryptomonas ovata after incubation for 40 days were 85.6, 8.5, and 5.9%, respectively. The specific ultraviolet absorbance, SUVA260 (E260/DOC), for the cultivation of Microcystis aeruginosa, Staurastrum dorcidentiferum, and Cryptomonas ovata was 16.0, 5.91, and 6.65 cm -1 (gC) -1 l, respectively. The values of SUVA260 for pedogenic DOC and autochthonous DOC were reported to be 23 -58 and 8 -16 cm -1 (gC) -1 l, respectively. 31, 32 Then, algal DOM from three kinds of phytoplankton may be attributed to autochthonous DOC because the SUVA260 values were low. These results suggest that the ratio of hydrophilic DOM is fairly high in DOM produced by three kinds of phytoplankton and the ratio of hydrophobic DOM in the algal DOM from Microcystis aeruginosa is two-times higher than those from Staurastrum dorcidentiferum and Cryptomonas ovata.
The 3-DEEM contour plots of the hydrophilic DOM and hydrophobic acid fractions of algal DOM from three kinds of phytoplankton are shown in Fig. 5 . The results are listed in Table 2 . Peaks A and B, which are fulvic-like fluorescence peaks, were detected in the hydrophilic fractions of algal DOM for Microcystis aeruginosa. Peaks A, B, and C in the hydrophobic fractions were observed, but the fluorescence intensity of peak C (36.1 QSU) was the largest among all three In the hydrophilic and hydrophobic fractions of algal DOM for Cryptomonas ovata, peaks A, B, and C were observed; the intensities of peaks A and B (88.8 and 144.9 QSU) in the hydrophilic DOM were about 8 -9 times higher than those (10.7 and 16.2 QSU) in the hydrophobic DOM, and the fluorescence intensity of peak C (131.9 QSU) in the hydrophilic DOM was 2.3-times higher than that (56.5 QSU) in the hydrophobic DOM, respectively. Both the fulvic-like fluorescence and protein-like fluorescence of hydrophilic DOM may be large compared with those of hydrophobic DOM in the algal DOM for Cryptomonas ovata. The molecular weights of protein-like fluorescence DOM (peak C) for Microcystis aeruginosa were estimated to be over 30000 Da using an ultra filter membrane, consistent with the results using gel chromatography. On the other hand, the molecular weights of protein-like fluorescence DOM (peak C) for Cryptomonas ovata were estimated to be less than 30000 Da using both methods. In the hydrophilic and hydrophobic fractions of algal DOM for Staurastrum dorcidentiferum, peaks A, B, and C were observed, and the intensities of these peaks were low compared with those for Cryptomonas ovata, but the ratios of the hydrophilic and hydrophobic fractions were similar to those for Cryptomonas ovata. The results indicate that algal DOM from Microcystis aeruginosa has similar fluorescence to that from Staurastrum dorcidentiferum and Cryptomonas ovata, but exhibits somewhat hydrophobic characteristics compared with those from the other two plankton.
Comparison of the values of DOC, RFI and E260 per cell volume for the phytoplankton during cultivation
In order to compare the DOM produced by three kinds of plankton during cultivation, the values of DOC, RFI and E260 per cell volume were calculated, and are listed in Table 3 . The cell volume for Microcystis aeruginosa, Staurastrum dorcidentiferum, and Cryptomonas ovata was reported to be 65, 32000, and 1700 mm 3 , respectively. 33, 34 The DOC values per cell volume during the cultivation of Microcystis aeruginosa, Staurastrum dorcidentiferum, and Cryptomonas ovata in an improved VT medium were 2.6 ¥ 10 -11 , 1.1 ¥ 10 -11 , and 4.0 ¥ B, and C per cell volume for Cryptomonas ovata during cultivation in an improved VT medium were 3.1 ¥ 10 -9 , 5.0 ¥ 10 -9 , and 6.5 ¥ 10 -9 QSU (mm 3 ) -1 l -1 , respectively. The order of the three kinds of plankton for the RFI values of peaks A, B, and C per cell volume was similar to their order for DOC and E260. The results indicate that the order of the amount of algal DOM during cultivation was Cryptomonas ovata > Microcystis aeruginosa > Staurastrum dorcidentiferum.
